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ABSTRACT 
This paper discussed some method far further improving the effectiveness of the internal water-spray cooling in the reciprooa ting compressor. Starting with the mechanisms of the water-spray atomization and the droplet evaporation, the 
effects of the factors such as the construction and position of the atomizer, the 
characteristics of the gasflow, the surface tension of the water on the atomizing quality were studied, It was indicated that the tinier the diameter of the droplet foxmed by water-spray, and the longer the suspending period of the droplet, the better the cooling effectiveness. Experimental relationship between the above 
-mentioned factors and the cooling effectiveness was given. By using the internal 
water-spray, a dec~ease in temperature was about 28'C, and in specific power 
about 7•8% for an air compressor (HZA-1·5/8) with external water cooling. 
INTRODUCTlON 
Internal water-spray cooling is an effective energe-saving way for the com-pressor. For the internal water-spray, water is sprayed into the suction pipe in the form of droplet, where the droplet and the suction gas are fully mixed, then the mixture enters into the cylinder. The water-droplets directly absorb the heat 
of the compressed gaa in cylider. The heat transfer and the mass transfer between the water- droplets and the gas is conducted simultaneously. There a~e both the visible heat exchange between droplet and gas, and latent heat exchange of the droplet evaporation. In this case, cooling of the gas is enhanced duing the compressing p~cees. Then the process tends to an isothexmal one, so as to decrease the discharge temperature, and the work in the compressing process. 
Reaea~~ re~ults on the internal liquid-spray cooling have been reviewed(1-7). Some workersl6,7Jhsve indicated that there exists the problem of the water deposi-tion in the suction pipe, plenum chamber, and crankshaft box, so that the indus-trial application of the internal water-spray is limited. Starting with the mech-anisms of the water-spray atomization and the droplet evaporation, in this work the viable methods have been proposed to decrease the water deposition, and fur-ther improve the effectiveness of the water-spray cooling in the recip~cating 
compressor. At the same time, the feasibility of the method was witnessed by 
e::ar.perilllen ts. 
THEORETICAL CONSIDERATION 
It is characteristics of water with high evaporative latent heat that are 
used for the internal water-spray cooling in the compressor. During compression, the droplets are continuously evaporated, and absorb the heat of the compressed gas. Therefore, index of the compressing process is decreased, and the discharge tem-perature and the indicative work is decreased. It is clear that the effectiveness of the cooling is dependent upon the evaporative degree of the droplets. The 
optimal cooling effectiveness can be reached only when the droplets sprayed into the cylinder are fully evaporated. 
Mathematical Expression of Droplet Evaporation 
The completeness x of droplet evaporation can be used to evaluate whether the droplets entered into the cylinder a~e fully evaporated, The x value is defined 
as a ratio of a droplet volume at the moment of~ to that of starting evaporation. 
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The relation can be e~pressed as fo]lows 
!X.= 1- (I-'!/ .... ) Oi d> 
where "tis the time(hr) required by the patial evaporation of the droplet, T, the 
time (hr) required by the complete evaporation of the droplet, that is, "z1 • 
Moreover, there is 
?;,= d2/K t2) 
where dis the droplet diameter(m), k the factor(m2/hr), and 
K."' 0 .8 Pf fl/f"' 13> 
where r,., is the density of the atomized medium, Dp the diffuse factor of steam(m/h), 
and Ps the saturated steam pressure near the droplet surface(N/m2). The Dp and p8 
are indicated as follows: ~ 1,7/ 
»p"'o.o7fi'4- (J.D/~1"'/1') {l.f tr/274) ( R Ctr .. 27:n] ('f) 
f>s= exp (1/.7- ~916/(tr+Jl7> J e"P( 411'1T/d It CtrHW) c .n 
where p is the gas pressure in cylinder(N/m2), v the specific volume of the 
atomized medium(m3/kg) 1 ~ the surface tension of the atomized medium(N/m), R the 
gas constant of the steam of the evaporative droplet(J/kg.K), and tr the tempera-
ture of the evaporative droplet(°C). 
Based on the thermal equilibrium equation of the droplet evaporation, it is 
found that (6) 
where?\ is the heat conductivity of the humid gas(J/m.hr.°C), and l'\ ,.f(tr)o tg 
the temperature of the compressed gas (0c), and r the evaporative latent heat of 
the atomized medium(J/kg). If the time ~ is known, the evaporative completeness 
x can be obtained from Eq.(1). The larger the x value, the more complete the 
evaporation, and the better the cooling effectiveness. In addition, the tiDi
er 
the droplet diameter, the shorte~ the time required by the complete evaporatio
n 
of the droplet. It means that the complete evaporation becomes easy to condu
ct. 
As concerns effects of the factor K on the x value, K is a constant when th
e 
temperature tr of the evaporative droplet obtained from Eq.(6) is stationary. 
Therefore, fining the droplet is an effective means for improving the coolin
g. 
Mechanism of Liquid-Spray Atoml~tion 
Theory of atomi~tion is that the liquid is broken into the droplets in a 
certain xange of size by using an atomizer. Due to the addition of energy, t
he 
specific surface area of the liquid increases continuously till it becomes 
instaple, then a large quantity of small droplets are formed. The process is
 
called as atomization. The energy required by the liquid atomi~tion may be 
expressed a.s c 1) 
where A is the average of the surface area of the droplet formed per minute.
 It 
is indicated that the liquid with smaller surface tension is easily bracken.
 For 
a gasflow atomizer, the atomization is carried on by a supersonic gasflow wh
i.ch 
lashes at the low-speed liquid flow. The energy required by breaking into th
e 
liquid is %&6 ] E-""o.'1,•2<t_,T[o,.SH: -1'2.5( (- ( f,/f,) 0 ' ) ( 8> 
where G is the mass flow of the gas-spray, T the temperature of the gaa-$pray, 
Ma the ~ch number of the gas-spray, and P1/p2 the ratio of the initial pressure 
to the final one of the gas-spray. From the Eq.(8), energy of the liquid atomiza-
tion is relevant with the type and geometry of the atomizer, and the dynamic
 
characteristics of the gas-spray. In order to fine the droplet, it is neceaaary 
to improve the a.to.U.zer design, physical properties of liquid-spray and dyn
amic 
characteristios of the gas-spray. 
Reason of Droplet Diposition 
Under the action of forces, suspended time of the droplet in some gasflow is
 
very short. The droplet may not mix with gas flow in full, and partial drople
ts 
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are deposited in the suction pipe and plenum chamber. If the droplets entered into 
cylinder can not completely evaporate, the patial droplets may also deposit in the cylinder. The deposition of the droplet not only weakens the cooling effec-tiveness, but also damages the working reliability of the compressor. FQr)the 
researching on the motion law of droplet, the' deposition has been fowdl7 • In this work, the deposition of droplet during the suction process is caused by three reasons. There are turbulent deposition, gravi~tional deposition, and inertial deposition. 
Turbulent deposition: The droplets atomized by a atomizer has a sufficient kinetic energy. However, the droplets move in different conditions. The droplets located in the bolllldacy layer of the turbulence may have msss e:>:change with the gasflo\o' in the suction pipe. Then, the turbulent boundary layer of the droplet 
e:>:pands continuously with the forward motion of the droplets and gasflov, When the expansion of the thickness of boundary layer reaches the \o'Sll of the pipe, 
some droplets s~ount the boundary and deposit on the wall. Clearly, the more the droplets in the state of tu:rbulence, the larger the turbulent deposition, The quantity of the turbulent deposition will increase with the distance S betveen the 
atomizer and the inlet of the plenum chamber. 
Gravitational deposition: Under the gravitation, trace of the horizontal 
moved droplet becomes parabola, When the diameter of the suction pipe is smaller than the vertical fall of the droplet, the droplets deposit on the pipe wall. Clearly, the quantity of the gravitational deposition will increase vith the size 
of the droplet, and the distance s. 
Inertial deposition: When the droplets in motion meet obstacle in the 
suction pipe, the droplet may bump into the obstacle then deposit dUR to it inertia, The shape of the suction pipe should fit the atomizing angle of the droplet, and the sufficient atomizing space is needed for the mixture of the droplet and the gasflow, so as to decrease the inertial deposition. If the dis-tance S is so short that the droplet with high kinetic energy may bump into the \o'Sll of the plenum chamber, and deposit. That is, the longer the distances, the smaller the inertial deposition. 
From the above, the droplet deposition is not avoidable. Fining the droplet is an effective way to decrease the deposition. Thus, the atomizer has an optimal installations! position. 
METHOD AND EXPERlMENT 
Atomizer 
A gaeflov atomizer designed in this work is shown in Ftg.1(a). The jet of water was behind the critical cross-section, and 4 jets uniformly distributed along the cycle of the sprayer. In this oase, the energy of the gas-$pz&.y was utilized fully, and there was no gsa oblique blow to the liquid, Therefore, com-paried with the atgmizer shown in Fig.1(b), the distribution of the droplet 
spectrum was uniform, and the diameter of the droplet was small. Fig.2 gives the comparison of the droplet diameters between the two atomizers. It is obvious that the smaller the diameter dw of the sprayer jet of the atomizer, the finer the droplet. HoveY&r, the impurity in \later may stop up the sprayer jet, thus in this 
work, dwm0,5am. Fig.2(a) shows the spectrum distribution of the droplets measured, 
when Gg-4.2kg/hr, Gw•5.5kg/hr, and s~0.45m. The average of the droplets diameter dco59)1mo 
Surface Tension of Water 
To fine the droplet, it is necessary to decrease the surface ten~ion of water, In this work, a llinute quantity of unionized surface activator was added in the 
water, The experiment indicated that the minimum (~.0.0458N/m) of the surface tension of water waa obtained when the concertration of the additive was equal to 0,01 wt% of water, Fig.3 shows the spe,otrum distribution of droplets containing the additive. The average of the droplets diameter d•44Um (the Gg,Gv,S values 
are the same as above), and the d value decreases by 15-20~ compared vith that using pure water, 
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Characteristics of Gasflow 
It is eYident that the average of the droplet diameter d will decrease with 
the increase of the gas-spray speed, as shown in Fig.4. Moreover, the experi.ent 
shows that the d yalue will decrease with the increase of the ratio of the gas-
spray quantity to the -.ater-spray quantity, Gg/Gw, and the trend towards &n blper-
bola in shape, as shown in Fig.5. In order to analyse the relation easily, we difind 
(Gg/Gw)c as ratio of the gas to liquid. When Gg/Gw<(Gg/Gw)c, the d value rapidly 
decreases with the increase of the Gg/Gw· However, when Gg/Gw>(Gg/Gw)c 1 the d value 
slow decreases with the increase of the Gg/Gw, and the quantity of the expended gas 
increasea. That is 1 the energy expense increases. Clearly, there is an optimal 
value of Gg/Gw for the total effectiveness of the internal water-spray. 
Installational Position of the Atomizer 
Theoretical analysis indicated that there exists an optimal installational 
position S of tb.e atomizer for decreasing the droplets deposition. The authors 
found the optimal poaition by experiments on the basis of improving the cons~ruo­
tion of plenum chamber and the auction pipe shape. Fig.6 gives the meaKured 
curves between t~ droplet deposition md and S value. The deposition is the 
smallest, when S..0·45m. 
The methode, as mentioned above, were combined and uaed in an air compressor 
with external cooling (Type~ZA-1.5/8). In the expreriments, the atomi~er used 
was shown in Eig.1(a) 1 the concentrat1on of the additive was 0.01w~1 the quaQ-
tity o£ gas-spray Gg-4•2kg/hr, the quantity of water-sprayGw~5-5kg/hr, the 
position of the atomizer s~0.45m. The operational parameters of the compressor 
were as follows: the environmental temperature ts"20°C, the suction pressure 
p8 oo98000Pa 1 the pressure ratioe.~s, the relative humidityJ'~76%, the rotaUona
l 
speed nz520 rpm, the quantity of external cooling water mw3 240kg/hr. In the aboTe 
condition, the discharge temperature td was descreased by 28°C, and specific power 
by 7•8%• Table 1 gives the comparison of the performances between the compressor 
with only extexnal cooling and one with both external and internal cooling. 
Table 1 Comparison of the Performances 
External Cooling External Cooling with wa~er-Spray 
Pure Water Additive,wt% 


















1. Internal water-spray cooling is an effective method for eave of energy 
in the reciprocating compressor. 
2. All the methods such as rational cnnstruction and inetallational poai~ion 
of the atomi~er, changing the surface tension of water, and appropriate gas-
liquid ratio are essential to improve the effectiveness of the water-spzay cooling. 
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I Wuter 
dw='0-5mm, dg =1·4mm 
(a.) Type A 
I Water 
dw =O·Smm, dg =1·4mm 
(b) Type B 
Fig. 1. Atom12er 
(a) Atolrlze:r- Typ" A (b) Atom!2er Type B 
Fig. 2. Spectrum distribution of droplets measured. 
Fig. 3. Spect~ distribution of 
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Fig. 4· Relation of the ga.s-apray speed 
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Fig. 5. Effect of the gas-water ratio 











Fig. 6. Measured relation ~etween the 
droplet depoaition and S Yalue, Gg • 
4.2i<g/hr (1: Gw->7.4J<g/hr; 21 G.,-5.5 
kg/hr; ;: Gw~3.7kg/hr). 
